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Summary
Spatial control of mRNA translation can generate cellular
asymmetries and functional specialization of polarized cells
like neurons. A requirement for the translational repressor
Nanos (Nos) in the Drosophila larval peripheral nervous
system (PNS) implicates translational control in dendrite
morphogenesis [1]. Nos was first identified by its require-
ment in the posterior of the early embryo for abdomen forma-
tion [2]. Nos synthesis is targeted to the posterior pole of the
oocyte and early embryo through translational repression
of unlocalized nos mRNA coupled with translational activa-
tion of nosmRNA localized at the posterior pole [3, 4]. Abol-
ishment of nos localization prevents abdominal develop-
ment, whereas translational derepression of unlocalized
nosmRNAsuppresses head/thorax development, emphasiz-
ing the importance of spatial regulation of nos mRNA [3, 5].
Loss and overexpression of Nos affect dendrite branching
complexity in class IV dendritic arborization (da) neurons,
suggesting that nos also might be regulated in these larval
sensory neurons [1]. Here, we show that localization and
translational control ofnosmRNAare essential for daneuron
morphogenesis. RNA-protein interactions that regulate nos
translation in the oocyte and early embryo also regulate
nos in the PNS. Live imaging of nos mRNA shows that the
cis-acting signal responsible for posterior localization in
the oocyte/embryo mediates localization to the processes
of class IV da neurons but suggests a different transport
mechanism. Targeting of nos mRNA to the processes of da
neurons may reflect a local requirement for Nos protein in
dendritic translational control.
Results and Discussion
Nos Is Required in Da Neurons
to Maintain Dendrite Complexity
Da neurons, which innervate the larval epidermis, can be
divided into four classes based on the complexity of their den-
dritic arbors, with class IV being the most highly branched [6].
These neurons elaborate primary and secondary branches
during the first instar stage of larval development. By the sec-
ond instar stage, higher order branches extend to completely
cover the larval body wall [7]. Complete, nonredundant cover-
age or ‘‘tiling’’ of the epidermis by class IV da neurons is main-
tained throughout larval development [8]. Mutation of nos
results in a reduction in the number of higher order branches
of class IV da neurons without affecting the morphology of
the main branches [1]. This decreased branching complexity
could reflect an early role for nos in the initial elaboration of
*Correspondence: lgavis@princeton.eduthe dendritic branches or a later role in maintaining coverage
of the receptive field during larval growth. To distinguish
between these possibilities, we examined the morphology of
nos mutant class IV da neurons at different larval stages. In
these and all subsequent experiments, class IV da neurons
are marked by mCD8:GFP, expressed using theGAL4477 driver
[9]. Branching complexity was monitored by quantitation of
branch termini (see the Supplemental Experimental Proce-
dures available online and the legend for Figure 1).
From the first larval instar through the early third instar
stage, da neurons in wild-type larvae, nos mutant larvae, and
nos mutant larvae carrying a genomic nos transgene, gnos
[3], show no significant difference in branching complexity
(Figures 1A–1C and 1G and data not shown). Morphological
defects are first detected at the late third instar stage, when
a significant reduction of higher order branching is observed
in nos mutant da neurons as compared to wild-type neurons
(Figures 1D and 1E). Whereas terminal branch density de-
creases slightly as body size increases from early to late third
instar stages in wild-type larvae, the density of terminal
branches decreases dramatically in nos mutant larvae (Fig-
ure 1G). Wild-type branching is restored in nos mutant larvae
by the addition of gnos, which includes native transcriptional
regulatory sequences required for nos expression and rescues
all nos mutant embryonic phenotypes [3, 10] (Figures 1F and
1G). These results indicate that Nos is not required for the ini-
tial elaboration of dendritic branches but, instead, plays a role
at later stages of development, possibly by maintaining exist-
ing branches or promoting new branch extension during larval
growth.
nos Is Localized to the Processes of Da Neurons
Localized translation of nos required for embryonic patterning
is achieved through a combination of mRNA localization and
translational control. To determine if nos is spatially regulated
in da neurons, we analyzed the distribution of nos mRNA by
modifying a fluorescent labeling method previously used to
investigate the mechanism of nos mRNA localization during
oogenesis [4]. In this method a fusion between bacteriophage
MS2 coat protein (MCP) and either GFP or RFP is tethered
to nos mRNA bearing six stem-loop binding sites for MCP
[nos-(ms2)6]. Here, we have improved detection of nos by
introducing 18 MCP-binding stem loops [nos-(ms2)18]. The
nos-(ms2)18 transgene behaves indistinguishably from gnos
and the previously described nos-(ms2)6 transgenes in the
oocyte and early embryo (K. Forrest and E.R.G., unpublished
data). To label nos-(ms2)18 RNA specifically in da neurons, we
expressed MCP-RFP under UAS control by using GAL4477
in larvae carrying the nos-(ms2)18 transgene. In neurons from
control larvae that express MCP-RFP without nos-(ms2)18
mRNA, RFP fluorescence is largely confined to the nucleus
due to a nuclear localization signal engineered in MCP-RFP
that targets unbound MCP-RFP to the nucleus (Figure 2A). By
contrast, RFP-labeled nos-(ms2)18 mRNA (nos*RFP) can be
detected in the cell body and in particles that are distributed
along the dendrites and axons of class IV da neurons
(Figure 2B). Analysis of nos*RFP throughout larval develop-
ment showed that localization of nos to the processes of
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Confocal Z series projections of class IV da neurons in early third instar larvae (A–C) and late third instar larvae (D–F). Da neurons are marked here and in all
subsequent figures by using GAL4477 to drive expression of UAS-mcd8::GFP. (A and D) Neurons from wild-type larvae. (B and E) Neurons from nos mutant
larvae. (C and F) Neurons from nosmutant larvae carrying thegnos rescue transgene. (G) Quantitation of total number of terminal branches within a 13 106 mm2
region of the dendritic tree of an individual neuron (see Supplemental Experimental Procedures). Values are the average 6 SEM. One neuron per larva was
analyzed from early third instar: wild-type (n = 10 neurons), nos mutant (n = 9 neurons), and gnos (n = 10 neurons); or late third instar: wild-type (n = 15
neurons), nos mutant (n = 10 neurons), and gnos (n = 10 neurons). Here and in all subsequent figures, p values were determined by the Student’s t test
and are labeled as *p < 0.05, **p < 0.01, ***p < 0.001.da neurons can first be detected early at the third instar stage
(data not shown).
We have not been able to confirm localization of native nos
mRNA in da neurons by in situ hybridization methods, most
likely due to a combination of low transcript abundance and
high background from the underlying muscle tissue. However,we have previously shown that fluorescently labelednosmRNA
is a valid proxy for native nos mRNA in the oocyte and embryo
[4]. Moreover, the correlation between dendritic localization of
nos*RFP and its ability to rescue the nos mutant dendritic-
branching defect, described below, gives us confidence that
it recapitulates the distribution of native nos in these neurons.Figure 2. Localization of nos to the Processes of
Da Neurons
(A–D) Class IV da neurons in semi-intact third
instar larvae expressing mCD8:GFP, MCP-RFP
and (A) no ms2-tagged nos mRNA (control); (B)
nos-(ms2)18 mRNA; (C) nos+1-(ms2)18 mRNA;
and (D) nos+2-(ms2)18 mRNA. MCP-RFP that is
not bound to mRNA is sequestered in the nucleus
due to an NLS in the MCP-RFP fusion protein. Ar-
rowhead indicates the axon, as identified in lower
power images. (E) Quantitation of nos*RFP parti-
cles in dendritic branches. All neurons were
imaged by using identical confocal settings. A
merged image showing both green (mcd8:GFP)
and red (nos*RFP or MCP-RFP alone) channels
was enlarged and adjusted in Adobe Photoshop
so that the green channel was just visible. Red
particles encompassed within the branches or
cell body were counted, and each total was nor-
malized to the total number of dendritic termini
within the field imaged (3.63 104 mm2). Two inde-
pendent lines analyzed for each transgene pro-
duced similar results and one line for each is
shown. For each genotype, values are the aver-
age 6 SEM for ten neurons. (F–H) Time-lapse
sequence of RFP-labeled nos-(ms2)18 mRNA
in a class IV da neuron (only the red channel is
shown). Each panel shows a single confocal
section captured at the indicated time. See Movie
S2 for the complete 75 s time series. Examples
of movement are indicated. Brackets illustrate
movement toward and away from the cell body.
Particles indicated by the bracket on the left
move bidirectionally—first apart from each other,
then toward each other. The pink arrow illustrates a particle that moves out of the frame. The white arrow shows a particle that crosses paths with one of the
particles indicated by the bracket. The blue arrow marks a particle traveling from the cell body to the axon.
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in the PNS
Posterior localization of nos in the oocyte and early embryo is
mediated by a complex cis-acting localization signal in the nos
30 untranslated region (30UTR) comprising multiple, partially
functional localization elements [11]. To test whether the same
sequences direct dendritic localization of nos in da neurons,
we analyzed the distribution of RFP-labeled nos–(ms2)18 RNAs
bearing 30UTR deletions (Figure S1A). Deletion of the entire
localization signal (nosDLS) or three of the four localization ele-
ments (nos+1), respectively, abolishes or severely reduces pos-
terior localization of nos in the oocyte and embryo [11]. Both de-
letions also compromise localization to the processes of
da neurons (Figure 2C and data not shown). Quantitation of
nos*RFP particles shows reduced accumulation in dendrites
of larvae expressing nos+1-(ms2)18 mRNA relative to larvae ex-
pressing nos-(ms2)18 mRNA, whereas no significant difference
is detected within the cell body (Figure 2E). In contrast, the dis-
tribution of RFP-labeled nos+2-(ms2)18 mRNA is similar to that
of nos-(ms2)18 mRNA (Figures 2D and 2E). This RNA lacks two
of the four localization elements but retains the nos +2 element,
which confers near wild-type localization in the embryo [11]. The
nos+1-(ms2)18 and nos+2-(ms2)18 transcripts are present at
comparable levels in da neurons as determined by RT-PCR (Fig-
ure S2), and similar results were obtained for two independent
lines of each transgene (data not shown), indicating that the ob-
served difference in localization to neuronal processes is not
likely due to a difference in expression or stability. Thus, the
same sequences that mediate posterior localization of nos at
earlier developmental stages target nos to the processes of
class IV da neurons. This result suggests that one or more fac-
tors that recognize this localizationsignal tomediate localization
during oogenesis may be used again for dendritic localization.
Localization of nos Is Required for Its Function in the PNS
Because posterior localization of nos is essential for its func-
tion in embryonic development, we investigated whether
dendritic localization of nos also is required for its function in
the larval PNS. The nos-(ms2)18, nos+1-(ms2)18, and nos+2-
(ms2)18 transgenes were introduced into nos mutant larvae
and assayed for their ability to rescue the nos mutant dendritic
Figure 3. nos mRNA Localization Is Required for
Dendrite Morphogenesis
The nos transgenes analyzed in Figure 2 were
tested for their ability to rescue the nos mutant
defect in dendrite morphogenesis. (A–D) Confo-
cal Z series projections of class IV da neurons
in third instar nos mutant larvae (A) or nos mutant
larvae expressing nos-(ms2)18 (B), nos+2-(ms2)18
(C), or nos+1-(ms2)18 (D) transgenes. (E) Quanti-
tation of dendritic terminal branches. Two inde-
pendent lines for each transgene produced simi-
lar results and one line for each is shown. Values
are the average6 SEM for nos2 (n = 11 neurons),
nos-(ms2)18 (n = 11 neurons), nos+2-(ms2)18 (n =
9 neurons), and nos+1-(ms2)18 (n = 11 neurons).
defect. All three transgenes include se-
quences required for nos translational
regulation (see below), and none of
these transgenes on its own affects den-
drite branching complexity (data not
shown). Class IV da neurons in nos
mutant larvae carrying either the nos-(ms2)18 or nos+2-
(ms2)18 transgene exhibit nearly wild-type dendritic branching,
indicating that both transgenes are able to rescue the nos mu-
tant phenotype (Figures 3A–3C and 3E). In contrast, the nos+1-
(ms2)18 transgene fails to rescue, as larvae show reduced
branching complexity (Figures 3D and 3E).
These results indicate that the localization of nos to class IV
da neurons is required for nos function in dendrite morphogen-
esis. Because currently available anti-Nos antibodies are not
adequate to detect Nos protein in da neurons (our unpublished
data; also see [1]), we cannot show definitively that nos mRNA
localization leads to local production of Nos protein. However,
the correlation between the localization to neuronal processes
and the ability to rescue the nos mutant branching defect,
revealed by the nos+1-(ms2)18 and nos+2-(ms2)18 mRNAs,
provides strong evidence that nos mRNA localization plays
a critical role by targeting synthesis of Nos to dendrites.
Live Imaging of nos mRNA Particle Movement
in Da Neurons
Although most mRNAs are thought to be transported as parti-
cles along cytoskeletal elements by motor proteins, nos accu-
mulates at the posterior of the oocyte by a passive diffusion
and entrapment mechanism [4]. As a first step toward investi-
gating the mechanism of nos localization in da neurons, we
performed time-lapse imaging of nos*RFP in da neurons of in-
tact larvae at high magnification and time resolution. Control
neurons expressing only MCP-RFP contain few RFP-labeled
particles outside of the cell body, and these particles rarely ex-
hibit movement (Movie S1). In contrast in neurons expressing
nos*RFP, dynamic particles are readily detected in the cell
body and processes (Figures 2F–2H and Movie S2). Photo-
bleaching of RFP that occurs at the requisite high image-cap-
ture rates and the potential for tissue damage limits our time
sequences to %90 s. During these short periods we observe
particles traveling with linear trajectories in both anterograde
and retrograde directions along the neuronal processes and,
in some cases, individual particles exhibit bidirectional move-
ment (Figures 2F–2H and Movie S2). By analyzing sustained
particle runs in a single direction (average run distance =
4.1 mm; see Supplemental Experimental Procedures) within
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(A–F) Confocal Z series projections of class IV da neurons in third instar larvae. (A) Class IV da neuron from a wild-type larva. (B) Neuron from a gloRNAi larva.
(C) glo mutant neuron generated by MARCM. (D) Neuron from a smg mutant larva. (E) Neuron from larva overexpressing smg (UAS-smg). (F) Neuron from
larva doubly mutant for glo and smg. (G) Quantitation of total number of terminal branches within a 13 106 mm2 region of the dendritic tree of an individual
neuron. Values are the average 6 SEM for wild-type (n = 15 neurons), glo2 (n = 10 neurons), gloRNAi (n = 10 neurons), glo2 MARCM clone (n = 5 neurons),
smg2 (n = 10 neurons), UAS-smg (n = 9 neurons), and smg2glo2 (n = 10 neurons).the dendrites of five neurons from three independent larvae,
we calculated a mean average dendritic particle velocity of
0.56 mm/s (range = 0.21–0.97 mm/s, n = 40). This value is similar
to what we have observed, using the same labeling method,
for dynein-dependent transport of bicoid (bcd) mRNA in the
Drosophila oocyte [12], and similar rates have been observed
for microtubule-dependent transport of ribonucleoprotein
particles in the dendrites of cultured hippocampal neurons
[13–16]. Like nos, these dendritic RNA-containing particles
exhibit bidirectional movement. The generation of brighter
and more photostable MCP fusion proteins that permit visual-
ization of particles over longer time periods and in various
mutant backgrounds will enable us to determine how these
complex particle dynamics lead to accumulation of RNA in
dendrites.
Whereas localization of nos during oogenesis occurs by
diffusion and entrapment [4], the trajectories and velocities
exhibited by dendritic nos particles are characteristic of cyto-
skeletal-based transport. Analysis of microtubule polarity in
da neurons indicates that the majority of microtubules are
oriented with their minus ends distal to the cell body [17].
Although individual da neuron subclasses were not distin-
guished in this study, the observations suggest that transport
of nos mRNA particles into dendrites utilizes dynein. nos RNA
injected into blastoderm embryos exhibits microtubule-de-
pendent apical localization characteristic of pair-rule tran-
scripts, whose transport is dynein mediated [18, 19]. Because
endogenous nos mRNA is not apically localized, the signifi-
cance of such transport has been unclear. Our results suggest
that the ability of nos to engage dynein-dependent transport
machinery is indeed relevant to its role in the PNS.
Regulation of Dendrite Morphogenesis by Glo and Smg
Translational activation of nos at the posterior pole is tightly
coupled to translational repression of unlocalized nos mRNA
to prevent accumulation of Nos in the anterior of the embryo,
where Nos suppresses anterior development [5]. Because
nos localization during oogenesis is inefficient, this linkageis essential to silence nos mRNA that remains distributed
throughout the bulk cytoplasm [20]. Translational repression
of nos mRNA is mediated by a structural motif, the transla-
tional control element (TCE), within the nos 30UTR [21–23]
(Figure S1B). TCE function requires the formation of two
stem loops, designated as II and III, that have temporally dis-
tinct activities [24, 25]. Whereas stem-loop III mediates repres-
sion of nos during oogenesis, through its interaction with
Glorund (Glo), stem loop II is responsible for repression of
nos in the early embryo, through its interaction with a different
repressor, Smaug (Smg) [26–28].
Replacement of the nos 30UTR by a-tubulin 30UTR se-
quences (nos-tub30UTR) abolishes nos localization and trans-
lational repression, leading to unrestricted synthesis of Nos
and defects in anterior development [5]. GAL4 mediated over-
expression of a UAS-nos-tub30UTR transgene in class IV
da neurons also is deleterious, causing decreased branching
complexity. This overexpression phenotype is ameliorated
by reinsertion of the nos TCE [1]. The observation that both
loss and overexpression of nos cause similar defects indicates
that although nos is required for dendrite morphogenesis, the
level of Nos protein must be carefully modulated in da neurons.
Moreover, the ability of the TCE to suppress the toxicity of nos
mRNA overexpression in da neurons suggests that it may nor-
mally function to control Nos levels in the PNS. We, therefore,
sought to determine whether endogenous nos is regulated by
the TCE in da neurons.
Ectopic expression studies have identified several addi-
tional somatic cell types in which the TCE can repress transla-
tion, including neuroendocrine cells and the dorsal pouch ep-
ithelium [29, 30]. However, TCE function in the dorsal pouch
does not depend on the Glo or Smg binding sites but requires
a distinct sequence motif with homology to the Bearded (Brd)
box [29]. Mutation of the Brd box-like motif does not abrogate
the ability of the TCE to suppress excess nos activity in da neu-
rons (data not shown). Consequently, to determine whether
endogenous nos mRNA might be regulated by the TCE, we
first analyzed da neurons in glo and smg mutant larvae.
nanos mRNA Regulation in Dendrites
749Larvae mutant for glo or smg survive until third instar stage,
permitting us to examine the effect of eliminating either repres-
sor on dendrite morphology of da neurons. Compared to wild-
type class IV da neurons, glo mutant larvae show a significant
decrease in the number of higher order dendritic branches
as reflected by a decreased number of terminal dendritic
processes (Figure 4G). Because glomutant larvae exhibit addi-
tional defects (our unpublished data), we disruptedglo function
specifically in class IV da neurons either by usingGAL4477 to ex-
press a UAS-gloRNAi transgene or by using the MARCM
method [31] to generate mosaic animals. In both cases glomu-
tant da neurons show decreased branching complexity (Fig-
ures 4A–4C and 4G). Mutation of smg or GAL4477-mediated
overexpression of a UAS-smg transgene also causes loss of
high-order branches (Figures 4D, 4E, and 4G). Larvae doubly
mutant for glo and smg do not show a more severe phenotype
than larvae mutant for either gene alone (Figures 4F and 4G),
suggesting that each repressor contributes independently.
Thus, defects due to loss or overexpression of the repressors
are consistent with defects caused by loss or overexpression
of nos. Due to the aforementioned inadequacy of anti-Nos an-
tibodies, we have not been able to monitor changes in Nos pro-
tein levels in glo and smg mutant da neurons. However, when
combined with the analysis of Glo and Smg binding site muta-
tions presented below, these results strongly support a role for
glo and smg in regulation of nos for dendrite morphogenesis.
TCE-Dependent Translational Regulation
of nos Is Required for Dendrite Development
In the oocyte, Glo binds specifically to the distal double-
stranded helix of TCE stem-loop III (the Glo Recognition Helix
or GRH; Figure S1B) [27]. In the embryo Smg interacts with nos
TCE stem loop II via nucleotides within the loop designated as
the Smg Recognition Element (SRE; Figure S1B) [22, 24].
A second SRE located downstream of the TCE in the nos
30UTR appears to act redundantly [22, 23]. To determine
whether the defects observed in glo and smg mutant da
neurons are due to loss of TCE-mediated repression, we
tested whether mutation of the nos GRH or SREs produces
a similar phenotype. Mutations that disrupt both SREs
(SREs2), the binding site for Glo (GRH2), or the SREs and
Figure 5. Effect of TCE Mutations on nosRegula-
tion in Da Neurons
(A–E) Confocal Z series projections of class IV
da neurons in third instar larvae expressing the
(A) gnos, (B) gnosGRH2, (C) gnosSREs2, (D)
gnosSREs2GRH2, and (E) gnos-tub30UTR trans-
genes. (F) Quantitation of dendritic terminal
branches. Similar results were obtained from
analysis of three independent lines for each trans-
gene and data obtained from one line for each is
shown. For each transgene, values are the aver-
age 6 SEM: gnos (n = 9 neurons), gnosGRH2
(n = 10 neurons), gnosSREs2 (n = 9 neurons),
gnosSREs2GRH2 (n = 8 neurons), and gnos-
tub30UTR (n = 10 neurons).
GRH(SREs2GRH2) together (FigureS1B)
were introduced into thegnos transgene.
The resulting gnosSREs2, gnosGRH2,
and gnosSREs2GRH2 transgenes all
produce mRNAs that show wild-type lo-
calization in the early embryo but whose
translation is not restricted to the posterior pole ([10]; E.R.G.,
unpublished data). When compared to larvae expressing the
wild-typegnos transgene, branching complexity is significantly
reduced in da neurons of larvae expressing gnosSREs2,
gnosGRH2, andgnosSREs2GRH2 transgenes (Figure 5). More-
over, each of these transgenes behaves similarly to the gnos-
tub30UTR transgene, which lacks the entire nos 30UTR, indicat-
ing that mutation of the GRH and/or SREs is sufficient to disrupt
nos regulation in the PNS. Together, these results show that
TCE-mediated regulation of nos in da neurons is essential for
dendrite morphogenesis. Furthermore, the finding that the
same phenotype is produced by either eliminating the repres-
sors or mutating their binding sites provides strong evidence
that this regulation is mediated by Glo and Smg.
In many cell types protein synthesis is spatially regulated
through the transport of translationally silent mRNAs and acti-
vation of these mRNAs at the target destination. Linkage of
translation and localization serves not only to prevent prema-
ture accumulation of nos during transit to the oocyte posterior
but also to silence the large pool of nos that remains unlocal-
ized due to inefficient posterior localization [20]. We cannot
yet distinguish whether localization of nos in da neurons is
similarly inefficient or whether translational repression of nos
serves primarily to repress translation during transport.
However, the deleterious effect on dendrite morphogenesis
caused by mutations that disrupt TCE function show that, as
for maternally synthesized nos mRNA, localization alone is
not sufficient to modulate its activity.
Conclusions
nosplays an important role in dendrite morphogenesis, and we
show that nos function in da neurons requires spatial regula-
tion of nos mRNA. Cis-acting sequences and two cognate
factors that control nos mRNA localization and/or translation
in the oocyte and early embryo are redeployed during larval
stages to regulate localization and translation of nos in da
neurons. Localization of nos mRNA to the processes of class
IV da neurons is essential for dendritic branching. For the first
time we observe movement of RNA particles in neurons of intact
animals, and analysis of nos mRNA particle movement sug-
gests that nos localization occurs by different mechanisms
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port a role for Nos as a local regulator of translation in the PNS.
In the early embryo Nos functions in a complex with the
RNA-binding protein Pumilio (Pum) to repress hunchback
mRNA translation, thereby promoting abdominal development
[32, 33]. Whereas Pum is produced throughout the embryo [33,
34], restriction of Nos synthesis to the posterior limits the spa-
tial domain of the repressor complex. Mutations in nos and
pum produce similar defects in dendrite morphogenesis, sug-
gesting that Nos and Pum also act together to repress transla-
tion in da neurons [1]. Thus, spatial regulation of nosmay serve
a similar function in the PNS as it does in the early embryo, by
restricting the activity of the Nos/Pum repressor complex to
dendrites.
Supplemental Data
Supplemental Experimental Procedures, two figures, and two movies
are available at http://www.current-biology.com/cgi/content/full/18/10/
745/DC1/.
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